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CHARACTERlZATION OF METAL /C ARBO N MULTILAYERS
BY RAMAN SPECTROSCOPY
David D , Allred, Qi Wang and Jesu~ Gonzalez·Hernandez*
C~nttr for X- My Im~ging lind D~p4rtm~nt of Phy~it& lind A~lronomy, Bnghl1ffl Young
Unillt r~ity, Prouo, UT 6~60t
'also C~ntro d~ Inlle&l;glleion y E3tudio3 A'Vl1nJ<ldo3 dtllPN, M~:r;;co D.F., Mezico

ABSTRACT
Laser Raman spectroscopy h!18 been found to be useful for characterizing amorsemiconductor multilayers, especially the interfaces of multilayers. Recently, ""e
have extended this teehnique to the characterization of magnetron sputtered multilayere commonly used I\S refieetors in soft x-ray optics. Unlike the multilayers previously
studied which contained only semiconductors and dieleetrics, the$C are generally S('miconductor Imetal mu ltilllyers. We report here on the Haman charocterizlltion of the m06t
oonunon el8.8S of multilayers used in soft x-ray optics, those Ihllt contain a high df'Ilsily
metal like tungsten interspersed with layers of carbon. In all of the metal/carbon multilayers the dominate feature in the Raman spectra is due to ..-C. The ..-C spectra consists
of a broad peak at about 1560 em-I (G-pes.k) and a shoulder lit llbout 1400 cm- I (0pes.k). This can. be deeonvoluted with Gaussill1l line shapes to yield two peaks (one at
about 1560 to 1510 cm- I and the other at about 1380 to 1420 cm- I ). Among the WIC
multila.yer samples peak p06itiom and relative magnitudes changed little with carbon
thickness over the range of 1 to 12 mn. Significant differences lire, however. seen 8.8 the
identity of the metal component is altered or, especially, 8.!l the preparations are varied.
For example, the intensity ratio of the D-peak to G·peak W!18 much larger for multilayer
samples prepared under conditions of good plllBma confinemcnt.
phou~

INTRODUCTION
Raman spectroscopy and low angle x·r ..y diffraction have been shown to be useful
tcchniques for characterizing amorphous s<:miconductor multilayers, especially the interfaces of multilayers l - 3. l-t ultilayers have proven to be II convenient way of studying the
nanoscale properties of materials, for example, the crystallization and interdiffusion of
matter on atomic scales 4 - 7 • Technologically, periodic bilayer multilaycrs have pro'·en to
be of key importanc'" in the current revolution in x-ray imaging!. These achieve narrow
band reflcctance by having an index difference between the two layers in the period and
by having nUmerolls periods. The index difference is large if one of the layers hILS II high
eleetron density and the other a low electron density.
Multilayers previously studied by Haman methods contain onlr semiconductors and
dieiedrics and have too Iowa difference in index in th", &1ft x-ray region to be useful
for x-ray imllging. On the other hand, the multilllyers commonly used for soft x-ray
applications are not a priori suitable for Raman analysis. The high electron density
materials are refractory metals such as tungsten. The fllct that the RlImall spectrll of
metals are usually faint and the fact that metals are quite absorbing mitigate ..gainst the
nse of Raman spectroscopy in the study of x-rlly multilllyers. However, the low electron
density layers which come between each of the higb electron density layers of the periodic
multilayer are often semiconductors such as amorphous carbon. Thm the common high.
perfonnance, soft x-ray multi layers contain a semiconductor component subject to Raman
IInalysis. In addition. since the multilayers serve for very short wavelength rlldiation,
the metal layer!! are ultrathin, permitting the probing radiation to sample se"cTIII of
the semiconductor layers. In II few cases the interface itself may have II high Raman
cross section allowing the p06sibility that it also mllY be studied by Raman spectroscopy.
Recently, we have shown this to be the case by extending the use of this techni'lue to the
characterization of magnetron sputtered 'VIC multilllyers oommonly used lIS reflectors in
g
!10ft x-ray optics .
In the W IC multilayers the Hamllll spectra of IIIIlorphous carbon is seen to dominate.
This was the first report of the Ramll1l spectra of amorphous carbon ill mult.ilayecs of any
kind and the first reported use of Raman to characterize mrtal / semicomluctor IIlultilll~· .. rs.

..
Th~

are 1"'"0 main bands ~ed. One is related. to the gaphite E4, mode (G-line)
M -l~ em-I and the other, which is due to disorder (D-line), is fl.t .... 1390 em-I 10,11,
The information from these two lines, such ~ central frequenciel, the intensity ratio lind
line widths ....e useful in the study of the amorphous carbon atructure. We found that
the po6ition of the pellb is relath-ely oonst!WI and the ratio of their magnitudes is rflthoer

constant for all of the multilayer samples. The ohl!en-ed Raman data . hows that the
intensity ratio of the 0 to G pew is relath-dy lar!;er for multilayen than t~ for the
thiek ca:rbon film and thill carbon film on thick tunp;8ten.
EXPERIMENTAL
All sample. were prepared by DC mapel.ron fputtenn,;. The multilayer Mffiples

were similar to tbote used at mirron in 110ft x-ray optic.. They COIlaist of two spullered

materials: carbon and 1\ metal, for exftmpie, tungsten, arr!lll,l!:ed a1ternatdy in layers of
the thicknen de ftfld dm ... 1 respe<::tively so that the periodicity of the structure was
d=de+dm.'oI. The substrates were Si wafer! ftfld both the top ftfld bottom layers were
carbon. There .."ttt!: 20 ~r! of layers (periods) in each of the W jC samples. In the fint
set of samples dw .-as bpt constant, at a nominal thickness of 2 nm and de rangl!d
from 0.5 La 8 nm. A supplementary sd of two multilayer samples allo with dw=2 nm
(nominal) ~ preplU"ed later under conditions of somewhat less plasma confinement.
Also prepared were several Ni-Cu alloyjC and TaC/C multilayer eamples and a 225
nm thick a-C film. The compolilition of the Ni-Cu alloy .... as 67% Ni /Uld 33% Cu and is
often termed monel. The Ni-Cu alloy/C sample ....as ( 4/ 4 nm )x3O_ Thi, notation mean.
that there an thirty layen each coll!listint; of 4 nm of monel and 4 nm of C. Two sets
of TaC/C sample- were examined. The two set" ,,-ere .imilllr except that the !ICOOnd
(lee Fig. 2b) w"" prepared in a mode where the plasma Willi not 8trongly confinl!d and
substrate bombllrdment and heating during growth WN! cxperienced. A typical TaC/C
8ample (see Fig. 2) was (1.5/3 nm)x5O.
The d-spacinp of the multilayer samples ....11.8 determined by using low angle xray diffraction. By comparing the relat;"e intensity ratiOll of the peak8 of the VlU"ious
diffraction orden with thoee from computer genent.ted diffraction patlern. it WM pouible
to estimat.e the V&/UCII of de and dw for the samples.
The Raman !letup hM been .hown schematically elllCwherell . An Ar iOIlIa.ser (LEXEL
96) was used IlII the excitation source for the RamlUl mell.8uremenh. The 488 nm line at
a power of about 400 mW was uaed in mOllt measurements. However, the Raman lpe<::tra
of the 2"25nm a-C film .·as obtained at fi\oc lines between Sl4 and 457 nm. The results
of this study an .hown in Fig. I. The laser beam was focua«! as a line onto the sample
Burface by a cylindrical len •. The oblique angle of illumination of the surface (about 70·
to the surface normal) ma.:<imiud thc coupling of light into the sample by minimizin8
front surfa.ee reflectance.
The collec:tionlenscs, nonnal to the s.amp!e's surfaoe, COIlKted IUId focused the scattered liglll on the entrance ..lit of a SPEX 187i Triplemllte spectrometer. The ep«trOllleter consists of .. modified Czemy-1\ifI"ICf zero-di'J>enion double spe<::trometer lIS
the filter sta8e and a modified Czerny-Turner sp«trogrllph. The dispelllion elemcnt used
in the spectro8raph stage was .. lSOO grooves/mm holographic grating with 0.92 nm/mm
dispen.ion. The 8pectral coverll!e was set at about 18 em-I.
At the exit alit, a photomultiplie:r (EMI 7981B ) and photon countin8 eiec:lroni("JI
"'cre used to convcrt the ti8ht sir;nal into the analog electrical sir;nal which ....as stonod
diptally using a HP-216 computer controlling .. TranaErll-MDAS-7000 data a.equisition
system. The digital system (via signal Il\"craging) Willi essc:ntial for signal enhancement
for samples containing the smallest lIlDounta of carbon. The computer Willi also used to
control the wavelength drive for the spect rometer. The wavelength-dependent intensity
response of the whofe Raman ap«trum collectin8 a)·stem, collection lenses, spectrolfH'!ter
and photomultiplier .....ere calibrated by using II 45- W tungsten-haloge n lamp (Oplronic
Le.OOratories Stllndards).
RESULTS AND DATA F ITTI NG
Figures 2-4 respecti\'e!y show the Raman 'pe<::t r.. of spu ttered TaC/C
«1.5/3n m )x5O), W /e Illld mond/C ((4/4 nm»)(3O) muitilll.yen 0"':1" the 800-1800 cm- I
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Fig. 2. RamIlIl spectrum of '\\00 T&C/C multiII. 225 nrn Iputtered II.-C layer. Note the should<:T Ilt about lay~ fitted by two GaUlI8illlls. From left to
right: ~graphite~(G), "diKlrdered" (D) and 1\
1350 em- I becomes relatively ies!
bfIKlim:. al (l.S/3nm)xSO b) (1.5/2.3nm)x30
impodant 11.1 shorter probe waveleugths.

fis;. L fuunan spectra of

leu plasm ... confinement.
re~on of frequency shift, which i! the dam,"n where the dominant R aman sigmu is abJel"\-w. SimilMty of the spectra wi th that of the 200 om a·C film (fig. 1) demo nstnHes
that the li~al in the rnultilayen i. due to a-C. The metal h'ren in the muitilll)oer &(1

primarily &8 an aUt'fIuator to the probe !>eM'! and tbe RamlUl sisnlll from the carbon IllYen undCTIl",ath. Thus the intensity of the sisnal incre~ monotonically with ;ncreMin!
C thie/mess in fig. 3.
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F'i&. 3. Raman spe<:trll of W Ie multilaycflI.
The multilayer. ronsi5t of 20 periods. The
dw in eaclliayer is nominally a constant
2nm; de in eadt layer is 1,2,4 and 8 nm
for the curves labeled

&

Fig. 4. RamlUl spectrum of a monel/C multi-

layer fitted by 1,,'0 Gau"i&n8. ~yaphite~
(G), "disordered~ (0) and a bl:l5f!line. Note
that the G peak it smaller than the 0 peak.

to d.

The Raman spectra, for all the various IIIl.mpie5, between 000 and 1800 em-I is
dominated by two brolld features, a peak, which is !:l8SOCiated wi th the grllphite C·line at

about 1580 cm~1 and a shoulder, associated with the graphite D-line at about 1390 em ~I.
The appearance of the Raman 5pcctra depends on the relath·e magnitude of the two
felltures alld to a lesser extent on any changes in relative positions and widths. To
better understand the relationship between the felltures, the observed Raman spectrum
for cMbon films in this region is fr~uently treated as the em'elope of aD-peak "nd a Gpeak and is deconvoluted as such~,1 ,13. The increlL!lC in the intensity o[ the peak relative
to the shoulder as the excitation wavelength decreases, in Fig. 1, demonstrates that the
features can be treated independently. In Our curVe fitting procedure the envelope was
deoomposed into two Gaussian "h"ped Jines "nd a blL!lCline. Only Gaus.si"ns adequately
fit the high frequency shift side of the G pellk. VMious fits to the data are possible
depending on how the base line is chosen. This &!Iowed uS to C!ltimate the "ccuracy 10
which the parameters can be fitted to the data. In Fig. 2 and 4 we show with dashed liues
the deconvolution of the dat". The fitting is good except wmetimcs o.round 1400 (m~l.
The deviation below 1000 cm~1 is due to other cMbon Raman peaks at lower frequenc.i<:!l
II.IId they are not c.onsidered My [urther in this study.
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Fig. 5. Centr&! frequency Md FWH}'I of
the D and G-peaks for metal/C multilayer. as a function of de. Empty symbols
for G peak: special characters defined in
Fig 6.

Fig. 6. lo/Ia for metal/C multilayers as
a function of de. p for W /C, b for To.C/C
(1.5/2.3)x30, '" for To.C/C (1.5/3. um)x50,
for monel/C (4/4 nm )x30 and • for 225
um o.-C film.

o

Fig. 5 0. and b show, r<:!lpectively. for the multilayer and thick film samples whose
spectra are given in fig. 1-4, the change in the G a.nd D peak central frequencies, the
full width half maximum (FWUM) of the peaks 1\11 R function of d e. Fig. 6 give'!
the relationship between the intensity ratio of Q-peak to G-peak and de. This ratio is
relatively sensitive to fitting for samples whi(h contained the least amount of carbon,
namely those with de equal to 0.5 nm and 1.0 nm. SimilMly in fig. 5. the error bMa are,
generlllly, lo.rger for samples which produce a weak Raman spectrum such as the 2 nm
W /1 um C multilayer. However, for samples containing a-C layers thicker than 1 nm the
position of the G-line could be obtained to good aecuro.cy ±3 em-I. The position of the
D.peak eentf&! fre~uency is determined with less precision th"n that of G-I'eak- , that is.
to o.bout ±IO cm~ .
Among the v!Irious samples the parameters for the \V /C mnltilayers prCI'"red with
good plasma confinement most closely resemble one another. Beyond l.Onm within the
accuracy of the fitting the ratio of lo/lG is a consto.nt 3.3. Similarly. as the thkknC!ls of

..
de incr<!a&'!! from about 1 nm to 8 mn neither the G or D peak central frequency shift s
significantly. Similarly the FWH/Il do not show any trend beyond !til a-C thickness of
2 11m for W Ie multilayc!1I. There are two values given for W Ie of 8 urn. The lower
of these and the point at 121lffi cl!.roon tbicknell8 correspond to samples prepared with a
smaller magnetic field. The main difference betll-een thC'lC and those prepared with morC
ronfincment is the decrease, by about 30 em-I, in the position of the D peak.

DISCUSSION
The most ma..ked difference in Raman spectra. betw~n ''arions samples is the reI·
atively high magnitude of the shoulder lIS80Ciated with D feature a\ "bout 1300 em-I
in the multilayer samples. It has frequently been found to be the case for elemental
semiconductors that the Ibman spectra of the amorphous form of the semiconductor is
" broadened IUld shifted form of the polycrystalline form of the material. The Raman
spectrum of the crystal can be useful !\.S a guide to the identification of fClItures and
trends in the amorphous. ~Iicrocrystalline grllphite samples show pt'aks at about 1580
and 1390 cm- 1 , simil8I" to the amorphous SlUJIples, alkit much narrower. The origin of
the peak at 1580 cm- 1 is associated with the mode in graphite ( thus the name G-peak)
while the feature at approximat .. ly 1390 cm- 1 in mkrocr)'s!aIline graphite ~lUJIples is associated with disorder in the samples (thUS the nSme D-peak for this feature). In graphite
the magnitude of the D-line hM been correlated with the size of p8I"tides; following the
procedure of 'TUinstra tt ..l.the intensity ratios Jo l la is often used to estimate the dllll·
ter size L• . 10,IJ This procedure is not justifiable for amorphous cllrbon. It is generally
thought thllt the 18I"ger the magnitnde of the D peak the more the disorder in the film.
Comparisons between the spectra. of ~amples from figures 1-4 IUld the summary
of fitting parameters relstive to the \"atious samples in fig. 5·6 show that while the
spe<:.tra of the multilayer samples resemble one another there can be significant differences.
Differences in preparation conditioll9 related to the sputter sources appear to be a major
source of \"atiations. There are also significant \"atiations ,,·hich occur when One metal is
replaced by another in the multilllyers.
Th", spectra of carbon in samples from the W IC materia..! system more closely resembl", one another thlUl they rescmbl", spectra from other multilayen systems and thicker
single layer films of amorphous c8I"bon. This indic;ates that the structure of the amorphous cMbon in W IC multilayers is reasonably COn5tant as a fmlction of thickness in
ultrathin a-C films in \VIC multilayers and further suggests that there is probably no
significlUlt Raman active "interfacial~ layer in thC5C samples. Since the IIbsorption coef·
ficient of tungsten is mnch greater than that of carbon the depth which the laser light
ClUJ penctrate is mainly decided by the thickness of the tungsten. In the set of \VIC
multilayers the W thickness is constant so for all W IC samples approximately the same
number of carbon films and interfaces is sampled. The fact that within a given set of
slIffiples the spectra elUl be so consistent establishes that good reproducibility is possible
given the same material system and process parameters. On the other hand, \"atiations
from the canonical \V IC spectra is evidenc", that there hM been a chlmge in the structure
of the carbon.
That changing process plll"ameters may make a difference in the structme of the
carbon film is indicated by slight variations in the spectra of the two \V IC samples
sputtered after the magnetic fi<J!d in the sputter guns had been altered slightly r<J!ative to
those sputtered earlier, the lower of the two points lit carbon thickness 8nm and the point
at 12 nm. An even more pronounced \"atiation in the Ram8.l1 spectra, which can also b<J
traced to variations in deposition conditions, is seen in the two samples of TaC /C. Of
the two, the first spectrum most dosely resembles the spectra from the W IC and other
multilayers. The primary difference W!\.S in preparation. The first TaC/C multilayer, like
the W IC and monel/C multilayets, was prepared with Sloan magnetron sputter guns
configured to provide adequate plasma confinement. The second, which was prepared
without a. magnetic fi<J!d of adequately strength to keep the plllSma from bombarding
the substrates, shows a narrowing of the G alld D peaks. Samples sputtered using the
low confinement were observed to pass through the plasma and in addition to being
bombarded by the pll!.lima were found to be heated by it. Other work has shown similar
changes in the Raman spectra when multilayer samp les are annealed l2 .

..,
If pro«flll conditions made the only difference in structure then all of the multila)'ers
prepared with the same proceas conditions should hl!.vc the SIll11C RlI.man spectra 10 within
the o.ccunu:y of the meallurement. It can be ob!lCn"«i that, in {act, the spect ra depends on
the identity of the metal in the multilayer. This may be indicative of an interfacial effttt.
Such lUI effect hM been inferred for isolated ultrathin C fill1l!l .... hio:h show rather different
spectra (amallcr intensity ratio lofla ) IbM OhS<lfved for the WIC llIu l tilayer8~. The
tungsten in multilayer Illl11ple.;s often amorphous whereM, in slnpe layer pl'l.ir IMflples,
it may be po!ycryatallinc. The carbon in multilayer samplca might hflve grown 011 ,,_w
wlule in \V Ie layer pair samples it might have ,9"OWll on co W. OcuLi!s of the atnlcturc
of the metlll carbon interface, then, could account for the differences in the ratio of the
lo/I a and/or peak positions and widths for the multilayen of thilstudy ~ well.

CONCLUSI ON
Raman spectrc.oopy was used to uamine metal/C multilaytt soft x-rill' rl'"flec\ors.
In all there are twO mllin features, a peak at about 1560 em-I and shoulder at about
1400 em- I. Both lLle due to amorphous carbon. Decom'oluted with GallssilUlB they
yield two peaks, one at about 1400 cm- I (the O-peak) IUld one at 1570 cm- I (Ihe Gpeak). From the amorphous carbon RamIlIl spectnlm we estimated that the carbon in
multilayered samplee may be more di!lOrdered than the ca:roon in single layer pairs IUld
200nm thick sputtered samples. Chanl9n~ the identity of the metal component of the
multih..yer or preplLllltion conditions elUl produce differences in the Rllffian spect ra. This
may be evidence of an interfacial effect. The structure of ultrathin a-C in multilayera is
influenced by the identity of the layer 011 which it is depo&ited.

ACKNOW LEDGEMENTS
Samples were prepared by Robert Nelson, Kevin Gray and Eric Gardntt undtt the
direction of Bryan Peterson and LllTry Knight of Brigham Young Uni,·ersity. We grate-fully IICkno ..... ledge their IUIsistanCC'. This ""ork wu p&rtially supported by the State of
Utah Center for X-ray Imaging.

RE F ERENCES

1
1

~

•

I

10
II

12
11

O",·id O. Allred, J . GOllzal~-HemlUldez, O.V. Nguyen, O. Martin and O. Pawlik, J.
Maler. Res. 1(3), 468 ( 1986).
r.o. Pcrsans, A.F. Ruppert, D. Abeles IUld T. Tiedje, Phl's. Rev. B32, M88 (19M).
B. Abeles IUld T. Tiedje, Phl'" Ilev. Leu. ~ l , 2003 (1983).
O. J. Peter&en, J . M. Thome, and L. V. Knight, in Science IDiIh Soft X·RII'~ , edited by F.
T. Himp8CI and Roger W. Klaffil', (SP tE Prne. 44 7, Sel!ingham, WA, \98-4) PI). 27-32.
A. L. Greer and F . SPaep!UI, in S,nlhdic MoJu/lllel Slruchm:I. edited by L. ChllIl! and
B. C. Giessen (Academic, New York, 1985) p. 419 .
J. Gonzalez·Hernandez, O. O. Allred, and O. V. Kguyen, in lnler/llce" Super/alllcel, lind
Thin F.lm" edited by J. O. Dow and I. K. Schuller, (Ma terial Research Soc:ic~y Proc.
77, Pittsbu rgh , PA , 1987) Pl'. 61»-670.
L. V. Knight, J. 1-.1. Thorne, A. Toor, IUld T. W. Barbee, Jr .• Re"ue Phy!. Appl. 23.
1631 (1988) IUld ref. eited.
N.1-.1. Ceglio, J . X-ray Sci. and Ta:hnol. 1,7 (1989).
WIUlt; Qi, D. D. Allred, L. V. Knight and J. Gonzalez- Uerlla.nd~, in X-RayjEUV Optic!! for .4.sIrOllomy and j\[jCfOo'lCOPY, edited b)' Riehard B. H()()\."tt, (S PTE Prne. 11 60,
Bellingham, \VA, 1989) pp. 229·234.
F. Tuinstra IUld J.L. Koenig, J. Chern. Phy!. 53, 1127 ( 1970).
Raphael T~u, Jesus Gonzalez H., ba.ac Hernandez C. and Carlot A. Luell!O, Solid Slate
Commun. 24,809 (1977).
HsillO-chu Tsai IUld 0.8. Bogy, J. VII(. Sci. Techno!. A(6), 2307 (1988).
M. YOfihikawa, G.Katagir. H. Ishida and A. Ishitnni, Solid State Commun. C6, 1177
(1988).

